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ABSTRACT 
 
Mechanics of the continental lithosphere require the presence of a high strength uppermost mantle 
that defines the “jelly sandwich” model for lithosphere strength layering. However, in deforming 
regions, growing numbers of geological and geophysical data predict a sub-Moho mantle strength 
lower than the crustal strength, or a “crème brûlée” model. To reconcile these two opposite views of 
lithosphere strength layering, we account for a new olivine rheology, which could promote some 
weakening during dynamic grain size reduction that enhances the Grain Boundary Sliding. We 
performed a one-dimensional numerical model of a deforming rock in order to quantify strain 
localization due to this weakening rheology. Strain localization occurs at temperatures lower than 800 °C 
and reaches a maximum at 610 °C, increasing the strain rate from 10-15 to >10-13 s-1. These results 
imply the existence of a sub-Moho ductile localizing mantle on a lithosphere scale, which occurs at 
Moho temperatures lower than 800 °C. Also, the localizing degree of this ductile mantle increases with 
decreasing Moho temperatures down to 550 °C. Such a ductile localizing mantle could therefore 
promote large strain localization during lithosphere deformation, like the brittle mantle that is 
commonly assumed in the “jelly sandwich” model. Furthermore, the long-term deformation (≥ 106 yr) 
of the ductile localizing mantle could change the lithosphere strength layering from “jelly sandwich” 
to “crème brûlée” in response to the grain boundary sliding-induced weakening in mantle shear zones. 
 
Keywords: Lithosphere rheological layering; Mantle strength; Dynamic recrystallization; Grain boundary 
sliding. 
  
 
INTRODUCTION 
 
Numerous studies have dealt with rheological 
layering of the continental lithosphere and its 
consequences for lithosphere-scale deformations. 
Both the extrapolation of experimental data at the 
lithosphere scale (Brace and Kohlstedt, 1980) and 
studies on the mechanic of the lithosphere (Ranalli 
and Murphy, 1987; Brun, 2001; Handy and Brun, 
2004; Gueydan et al. 2008) have implied a 
rheological layering, which superposes from top to 
bottom: a high strength brittle crust, a ductile crust, 
a high strength brittle/ductile uppermost mantle 
and a ductile upper mantle. This so-called “jelly 
sandwich” model of lithosphere strength is 
required to form both a narrow continental rift 
(Buck, 1991) and a mountain belt (Burov and 
Watts, 2006) and to explain the large elastic 
thickness beneath cratons (Burov and Diament, 
1995). However, in deforming regions, the rare 
occurrence of mantle earthquakes (Maggi et al., 
2000) and the weak mantle viscosity estimated 
from post-seismic data (Thatcher and Pollitz, 
2008) do not fit the “jelly sandwich” model, 
leading some to argue that continental lithosphere 
strength resides only in the crust and not in the 
mantle (Maggi et al., 2000; Jackson, 2002). This 
so-called “crème brûlée” model of lithosphere 
strength concerns numerous deforming regions, 
regardless of the tectonic setting. Thus, a large-
scale deformation seems to significantly reduce the 
strength of the lithospheric mantle. In relation to 
that, the “jelly sandwich’’ strength profile predicts 
a brittle mantle in some conditions (Brace and 
Kolhstedt, 1980), which cannot account for a large 
change of strength in the continental mantle and 
hence, could so not explain the drop in strength 
that should occur during deformation. In this study, 
we assumed an entirely ductile uppermost mantle 
(fig.1A) that requires, nonetheless, the occurrence 
of a strain-related ductile weakening mechanism. 
Rutter and Brodie (1988) suggested that tectonic 
grain size reduction could strongly affect the 
lithosphere rheological layering. Drury et al. 
(1991) argued moreover that a large ductile mantle 
weakening could originate from grain size 
reduction that enhances a change in the 
deformation mechanism from Grain Size 
Insensitive creep to Grain Size Sensitive creep. 
Such a change was described in a new mantle 
rheology (Hirth, 2002; Hirth and Kohlstedt, 2003; 
Kohlstedt, 2007) that promotes some weakening 
during olivine grain size reduction by enhancing 
the Grain Boundary Sliding in the creeping 
mechanisms. The consequences of this grain 
boundary sliding-related mechanism in natural 
peridotites were recently highlighted (Warren and 
Hirth, 2006; Précigout et al., 2007), leading us to 
propose that such a mechanism could affect the 
continental mantle strength during dynamic grain 
size reduction and strain localization. Therefore, 
we performed a one-dimensional (1-D) numerical 
modeling in order to quantify both the amount and 
the temperature conditions of strain localization 
due to the GBS-induced weakening. We then 
discussed the implications of such a rheology in 
terms of lithosphere strength. 
 
MANTLE RHEOLOGY: DUCTILE 
WEAKENING DURING GRAIN SIZE 
REDUCTION 
 
This study accounts for a new olivine rheology 
that combines four ductile deformation 
mechanisms: dislocation creep, diffusion creep, 
dryGBS creep and exponential creep (Goetze, 
1978; Hirth and Kohlstedt, 2003; Drury, 2005). 
The overall strain rate (ε&) of an olivine aggregate 
is then defined as follows: 
 
ε&=ε&dislocation+ε&diffusion+ε&dryGBS+ε&exponential            (1), 
 
where ε&dislocation, ε&diffusion, ε&dryGBS and ε&exponential 
are the strain rates of each deformation 
mechanism. According to the shear stress, grain 
size and temperature, the deformation mechanism 
  
with the highest strain rate controls the aggregate 
deformation. These conditions are displayed 
through a deformation map (Frost and Ashby, 
1982) at a constant overall strain rate, which shows 
four grain size-stress domains: the grain size 
insensitive-dislocation creep field at high grain 
size and low stress, the grain size insensitive-
exponential creep field at high stress, the grain size 
sensitive-diffusion creep field at low grain size and 
low stress and the grain size sensitive-dryGBS 
creep field at low grain size and medium stress 
(fig.1B). The flow law expressions and the 
rheological parameters used are listed in Table of 
the supplementary material. 
The ductile deformation of mantle rock 
promotes dynamic recrystallization and hence, 
grain size reduction. Such recrystallization can 
only occur if either dislocation creep, exponential 
creep or dryGBS creep is the controlling 
deformation mechanism; diffusion creep only 
promotes grain growth (De Bresser et al., 2001 and 
references therein). Starting from a large natural 
grain size (>3 mm) at incipient strain, the initial 
grains of an aggregate are mainly dominated by a 
GSI mechanism, i.e., dislocation creep or 
exponential creep (fig.1B). Then, dynamic 
recrystallization produces small grains that reduce 
its mean grain size and thus, changes the activity 
of the deformation mechanisms. The recrystallized 
grains appear close to the boundary of the 
diffusion creep field, as shown by Drury (2005) by 
using experimental data. Therefore they are 
equally dominated by dryGBS creep and diffusion 
creep at low temperature and high stress and by 
dislocation creep and diffusion creep at high 
temperature and low stress (fig.1B: recrystallized 
grains). The recrystallized grains are consistently 
much weaker than the initial grains at low 
temperatures, whereas they have a similar strength 
at high temperatures. As a consequence, owing to 
the dominance of the dryGBS creep, the mean 
grain size reduction due to the growing number of 
recrystallized grains (fig.1B, black arrow) can 
promote a large weakening of a deforming 
aggregate at low temperature (fig.1B, grey arrow). 
In contrast, a large weakening is not expected at 
high temperatures. Therefore, at temperatures 
lower than TGBS, which defines the critical 
temperature for the dominance of dryGBS creep 
(Précigout et al., 2007), the dynamic grain size 
reduction could promote large strain localization.
FIGURE 1. A: Lithosphere strength profile with an entirely ductile continental mantle, a crustal thickness of 30 km and 
a Moho temperature (TM) of 600 °C. Rheological parameters given in the supplementary table are from Ranalli (2000), 
Burov and Watts (2006), Hirth and Kohlstedt (2003) and Goetze (1978) for the brittle crust, the ductile wet quartzite 
crust, and the ductile mantle, respectively. B: Olivine deformation map at a constant strain rate (10-15 s-1), with 
temperature isolines displayed every 50 °C from 900 °C to 400 °C, showing the stress and grain size fields of the four 
olivine deformation mechanisms assumed for the mantle rheology: exponential creep, dislocation creep, dryGBS creep 
and diffusion creep. The mean grain size reduction of an olivine aggregate at a constant temperature (black arrow) 
induces weakening (grey arrow) if dynamic recrystallization occurs at a temperature lower than TGBS (dashed isoline). 
At 10-15 s-1, TGBS is equal to 787 °C (Précigout et al., 2007). 
  
 
1D-MODEL: STRAIN LOCALIZATION 
DURING GRAIN SIZE REDUCTION 
 
A 1D simple shear numerical model in finite-
difference approximation was performed in order 
to constrain the evolutions of strain rate, grain size, 
viscosity and stress of several olivine aggregates 
that compose a deforming rock at both a constant 
and uniform temperature (fig.2). By constraining 
the strain-induced relationships between all of 
these aggregates, this model allows the 
quantification of strain localization triggered by a 
drop in viscosity that affects either one or several 
olivine aggregates during dynamic recrystallization 
(e.g. Braun et al., 1999). We assumed a random 
initial distribution for the mean grain sizes of the 
olivine aggregates, an average of 3 mm (fig.2), and 
we simulated a dynamic grain size reduction by 
using the following grain size evolution law 
(Braun et al., 1999): 
 
Tddd εε /).( ∞−−= &&   (2),  
 
where d& is the changing rate of the grain size, ε& 
is the overall strain rate defined by equation (1), d  
is the mean grain size of an olivine aggregate, ∞d  
is the recrystallized grain size defined by the field 
boundary hypothesis (fig.1B) and Tε  is a constant 
parameter (see Montési and Hirth, 2003 and Austin 
and Evans, 2007 for further discussion). The initial 
strain rate for all of the experiments is set to 10-15 s-1. 
Through the sheared mantle rock, only the strain 
rate and grain size of the aggregate with the 
highest strain rate were extracted from the model 
results and plotted as a function of strain for three 
runs at 800 °C, 700 °C and 600 °C (fig.2A and 
2B). We also added the grain size distribution for 
six strain steps in figure 2B. The results at 800 °C 
do not show a local increase in strain rate for 200% 
of strain (fig.2A), and the grain size distribution is 
almost homogenized at the end of the experiment 
(fig.2B). In contrast, at 700 °C, the occurrence of 
dryGBS creep as the controlling mechanism 
(fig.1B) promotes high strain localization, which 
increases the highest strain rate from 10-15 to 
almost 3 10-14 s-1. When the olivine aggregates that 
were affected by strain localization are completely 
recrystallized, the highest strain rate decreases and 
the strain is progressively distributed throughout 
the entire rock (see the supplementary material for 
further discussion). At 600 °C, the larger 
FIGURE 2. One dimensional (1-D) simple shear numerical results of several olivine aggregates at different uniform 
temperatures with a random initial grain size averaged at 3 mm (standard deviation = 375 μm). A: Evolution of the 
highest strain rate, in log scale, recorded through the sheared rock at 800 °C, 700 °C and 600 °C as a function of strain 
(runs 1 to 3). The initial strain rate is 10-15 s-1. The strength and the deformation mechanism at incipient strain for the 
three runs are displayed in Figure 1B. B: Evolution of both the grain size, recorded throughout the mantle rock where 
the strain rate is the highest, and the grain size distribution only plotted for 0, 40, 80, 120, 160 and 200 % of strain. C: 
Maximum (max.) strain rate reached ( maxε& , in log scale) in 32 runs at temperatures ranging from 500 to 900 °C. The 
maximum strain rate reached for the runs 1 to 3 are plotted as three separate points. Strain localization does not occur at 
temperatures higher than TGBS (dashed line) and several degrees of strain localization were defined as a function of the 
temperature below TGBS: high- (dark grey), medium- (grey) and low-strain localization (light grey). See text for further 
details. 
  
weakening leads to a larger strain rate increase that 
reaches nearly 1.3 10-13 s-1; thereby showing the 
high potential of this weakening mechanism to 
promote strain localization. Nonetheless, the 
dominance of the exponential creep during grain 
size reduction at the beginning of the experiment 
(fig.1B) implies a peak of strain rate delayed with 
respect to the results obtained at 700 °C. In 
addition, the conditions and the variable degrees of 
strain localization inferred from 32 numerical 
results are summarized in Figure 2C by plotting 
the maximum strain rate reached, maxε& , as a 
function of temperature. Strain localization occurs 
below 787 °C (TGBS) and maxε&  increases with 
decreasing temperature until 610 °C. The decrease 
of maxε&  at lower temperatures is also due to the 
primary dominance of the exponential creep. Three 
degrees of strain localization can thus be defined 
(fig 2C): 1/ a high strain localization ( maxε& >10-13 s-1) 
at temperatures between 550 °C and 650 °C, 2/ a 
medium strain localization (10-13 s-1> maxε& >10-14 s-1) 
at temperatures lower than 550 °C and between 
650 °C and 720 °C, and 3/ a low strain localization 
(10-14 s-1> maxε& >10-15 s-1) at temperatures between 
720 °C and 787 °C (TGBS).  
 
 
DUCTILE LOCALIZING MANTLE AND 
MODES OF CONTINENTAL RIFTING 
 
These numerical results at a constant 
temperature show first, that the dominance of 
dryGBS creep can promote high strain localization, 
and second, that such strain localization is strongly 
temperature-dependent. At the lithosphere scale, 
the continental geotherm through an uppermost 
ductile mantle should therefore imply a localizing 
mantle at temperatures lower than TGBS, with 
several depth-dependent degrees of possible strain 
localization. On the lithosphere strength profile at 
a Moho temperature (TM) of 600 °C and a crustal 
thickness of 30 km, four mantle rheological layers 
can be defined with increasing depth: a sub-Moho 
high-localizing mantle, a medium-localizing 
mantle, a low-localizing mantle and a non-
localizing mantle (fig. 3A). In contrast, the 
lithosphere strength profile at TM = 800 °C implies 
only a non-localizing mantle (fig.3B). Figure 3B 
displays the depth of the localizing mantle and its 
rheological layering as a function of TM. A sub-
Moho and highly localizing mantle thus occurs for 
TM values ranging between 550 °C and 650 °C. In 
addition, with an increasing TM above 650 °C, the 
FIGURE 3. A: Lithosphere strength profiles with ductile localizing mantle at a Moho temperature (TM) of 600 °C and 
800 °C, respectively, for a crustal thickness of 30 km. Three rheological layers of localizing mantle (LM) are displayed 
with increasing depth: high-LM, medium-LM and low-LM. The mantle becomes non-localizing at mantle 
temperatures higher than TGBS. B: Lithosphere strength profile without ductile localizing mantle at Moho temperature 
(TM) of 800°C for crustal thickness of 30 km. C: Depth of localizing mantle and its internal rheological layering as 
function of Moho temperature. The relationship between critical TM for the transition between narrow and wide rifting 
(dashed line, Buck 1991) and conditions for occurrence of localizing mantle are discussed in the text. 
  
sub-continental mantle becomes moderately 
localizing, then weakly localizing and finally not 
localizing above TGBS. Likewise, with a decreasing 
TM below 550 °C, the high-localizing mantle is 
continuously deeper and the sub-Moho mantle 
becomes moderately localizing. 
On these bases, the variation in localizing degree 
for the sub-continental mantle could strongly affect 
the mechanical behavior of the lithosphere. Taking 
continental rifting as example, Buck (1991) argued 
that narrow rifting requires the occurrence of a 
strong and localizing sub-Moho mantle. Without 
these two lithospheric features, continental necking 
does not occur, which leads to wide rifting. The 
sub-Moho brittle mantle is commonly invoked as 
this strong and localizing layer, and implies a 
transition between a narrow rift and wide rift at TM 
= 700 °C (Buck 1991). However, this latter case 
does not match several geological/geophysical data 
and therefore led us to propose an entirely ductile 
mantle featured by the localizing mantle. In order 
to justify this proposition, the thermal conditions 
for the occurrence of a localizing mantle are 
compared to those defining the modes of 
continental rifting (fig.3C). For all TM values 
below 700 °C that predict a narrow rift, a medium- 
or a high-localizing mantle occurs beneath the 
crust, whereas only a low- or a non-localizing 
mantle occurs in wide rifting conditions. We 
therefore propose that such a ductile localizing 
rheology could replace the brittle mantle in order 
to explain lithosphere-scale strain localization. 
Consistently, for TM values lower than 500 °C, the 
deep and high-localizing mantle, and the very low 
temperature of the sub-continental mantle, which 
inhibits strain localization, could explain why 
cratons remain both undeformed and very stable 
(e.g. Lenardic et al., 2003). 
 
 
IMPLICATIONS OF THE DUCTILE 
LOCALIZING MANTLE FOR LONG-
TERM LITHOSPHERE DEFORMATION 
 
Both the dynamic and the elastic thickness of the 
lithosphere require a “jelly sandwich” model for 
lithosphere strength, with a mantle stronger than 
the crust. However, a “crème brûlée” model, with a 
mantle weaker than the crust, is predicted beneath 
deforming regions. We assumed here an entirely 
ductile mantle featured by a temperature-
dependent localizing mantle able to promote large 
strain localization during grain size reduction. 
Such a localizing mantle could replace the brittle 
mantle as a large-scale localizing mechanism and 
hence, could so imply a decrease in the mantle 
strength during ductile strain localization. Indeed, 
in a forming peridotite shear zone, dynamic grain 
size reduction and subsequent intense strain 
localization leads to a nearly complete dynamic 
recrystallization. The intrinsic strength of such a 
shear zone can be thus estimated according to the 
stress-grain size relationship for the recrystallized 
grains (fig.1A and 4A). At temperatures lower than 
TGBS (787 °C), the recrystallized grains are much 
weaker than the undeformed grains. Therefore, 
during large-scale deformation and strain 
localization, a decrease in the uppermost mantle 
strength could occur in a mantle shear zone from 
an initial strength, defined by a grain size 
insensitive mechanism, to the strain-coeval 
strength of the recrystallized grains (fig.4A). As a 
consequence, the long-term deformation of the 
lithosphere could change the mantle/crust strength 
ratio in a lithosphere-scale shear zone from a 
mantle-dominated strength, i.e., the “jelly 
sandwich” model, to a crust-dominated strength, 
i.e., the “crème brûlée” model (fig.4B). The weak 
mantle strength predicted beneath deforming 
regions from geological and geophysical data 
could therefore be a consequence of both long-
term deformation (≥ 106 yr) and large-scale strain  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
localization, and might not only reflect a steady-
state strength of the lithosphere. 
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SUPPLEMENTARY MATERIALS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE.  A: Constant and parameter values used to construct the lithosphere strength profiles. B: Flow laws 
and creep parameters of the four olivine deformation mechanisms from Goetze (1978) and Hirth and 
Kohlstedt (2003). These flow laws are used to construct the deformation map displayed in Figure 1B (Drury, 
2005; Précigout et al., 2007). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MODELING RESULTS. 1-D numerical results at three different temperatures (800 °C, 700 °C and 600 °C, 
from top to bottom) that show first, the highest strain rate recorded within the sheared rock as a function of 
strain, second, a deformation map at a given temperature, and third, both grain size and strain rate 
distributions within the sheared rock at five strain steps. The stress/grain size path of the olivine aggregates 
  
with the highest strain rate was plotted on the deformation maps in order to document the controlling 
deformation mechanism during dynamic recrystallization. The mean grain size and strain rate of the five 
strain steps are also reported in the deformation maps and the strain rate-strain curves. The 1D numerical 
model was performed using the “finite-difference approximation” for the sheared rock divided into 800 
nodes. One node represents an olivine aggregate that is mainly deformed by either dislocation creep, 
diffusion creep, dryGBS creep or exponential creep, according to its mean grain size, strain rate and shear 
stress. During the experiment, the strain rate/stress and grain size were thus calculated at each node based on 
the mechanical equilibrium (constant shear stress throughout the rock). The initial strain rate through the 
mantle rock was set to 10-15 s-1 and the results are displayed as dimensionless. The initial grain size 
distribution throughout the mantle rock is characterized by a random grain size averaged at 3 mm with a 
standard deviation of 375 μm (Figure A2, strain step t0). A: Modeling results at 800 °C. A1: Time evolution 
of the maximum strain rate recorded, to which we added five strain steps (colored dots at 0, 0.4, 0.8, 1.2 and 
1.6 strain), in order to illustrate the evolution of both grain size and strain rate distributions in the rock. A2: 
Distributions of both the mean grain size and the strain rate of all of the olivine aggregates. Such 
distributions are displayed for the five aforementioned strain steps according to their own specific color. 
These results show that the deformation of the olivine aggregate at 800 °C is never accommodated by 
dryGBS creep during dynamic grain size reduction. As a consequence, the GBS-induced weakening does not 
occur and there is not a local increase in strain rate, i.e., there is no strain localization (fig.A2). B: Modeling 
results at 700 °C. Unlike the results at 800 °C, some of the olivine aggregates (the smallest) become 
dominated by dryGBS creep during their mean grain size reduction (deformation map in B1). As a 
consequence, some weakening occurs during dynamic recrystallization and strain localization is triggered, 
i.e., one major peak in strain rate within a thin area of the sheared rock (step t3 in B2) is observed between 
strain steps t2 and t3 (B1). The mean grain size in this forming shear zone then rapidly reaches the balance of 
the recrystallized grains (deformation map in B1), involving several olivine aggregates with 100% of 
recrystallized grains (B2). Thus, dynamic recrystallization is complete in these aggregates, leading to the 
inhibition of the strain localization process in this area and to the redistribution of the strain rate throughout 
the rock (step t3 to t4 in B2). This feature explains the decrease in strain rate within the shear zone that occurs 
at the end of the experiment, between strain steps t3 and t4. C: Modeling results at 600 °C. The dominance of 
exponential creep on the olivine aggregates during the early stage of deformation (strain steps from t0 to t2 in 
C1) delays the strain localization process, which affects the smallest mean grain size. Despite this feature, 
the weakening implied by dryGBS creep for the recrystallized grains is larger than the weakening at 700 °C 
and thus promotes a higher local strain rate increase, i.e., the strain rate has increased by a factor of 50 within 
a single node at strain step t3 (C2). As a consequence, the width of this shear zone that localizes strain is 
thinner than that at 700 °C (B2 and C2). 
 
 
